The FACT complex facilitates transcription on chromatin templates in vitro, and it has been functionally linked to nucleosomes and putative RNA polymerase II (Pol II) elongation factors. In Saccharomyces cerevisiae cells, FACT specifically associates with active Pol II genes in a TFIIH-dependent manner and travels across the gene with elongating Pol II. Conditional inactivation of the FACT subunit Spt16 results in increased Pol II density, transcription, and TATA-binding protein (TBP) occupancy in the 3 portion of certain coding regions, indicating that FACT suppresses inappropriate initiation from cryptic promoters within coding regions. Conversely, loss of Spt16 activity reduces the association of TBP, TFIIB, and Pol II with normal promoters. Thus, FACT is required for wild-type cells to restrict initiation to normal promoters, thereby ensuring that only appropriate mRNAs are synthesized. We suggest that FACT contributes to the fidelity of Pol II transcription by linking the processes of initiation and elongation.
Transcription of mRNA coding genes by RNA polymerase II (Pol II) is a complex process. Biochemical experiments have defined distinct steps of preinitiation complex formation, initiation of RNA synthesis, extension of abortive transcripts, promoter clearance, elongation, and termination (6, 35) . The basic preinitiation complex at the promoter contains Pol II itself and general initiation factors. Upon assembly, TFIIH phosphorylates the C-terminal domain (CTD) of the largest Pol II subunit, and the phosphorylated form of Pol II mediates elongation. Biochemical and genetic approaches have identified putative elongation factors such as TFIIS, Spt4/5 (DSIF), Spt6, FACT, and the TREX and Paf complexes.
In Saccharomyces cerevisiae cells, the general initiation factors localize specifically to promoter regions (22) (23) (24) (25) 37) . Association of these initiation factors is mutually interdependent and is strongly correlated with transcriptional activity (23, 25) . Thus, stable association of the preinitiation complex with promoters is the major, although not exclusive, limiting step for transcription in yeast cells. Unlike the initiation factors, putative elongation factors such as TFIIS, Spt4/5, Spt6, TREX, and the Paf complex associate with coding region of active genes (18, 37, 48) . Kinetic analysis involving regulated expression of a long gene indicates that the Hpr1 and Tho2 subunits of the TREX complex travel with Pol II through the coding region (48) . As TFIIS, Spt4/5, Spt6, and the Paf complex associate with Pol II (18, 45, 46, 51) , Pol II-associated factors are exchanged during the transition between initiation and elongation.
The mammalian FACT complex was identified as a biochemical activity that acts subsequent to initiation to facilitate elongation on chromatin templates (34) . Mammalian FACT is composed of two proteins that are homologous to yeast Spt16(Cdc68) and Pob3 (36) . FACT specifically interacts with nucleosomes and H2A/H2B dimers, and FACT activity in vitro is blocked by cross-linking nucleosomal histones, suggesting that FACT might promote nucleosome disassembly upon transcription (36) . In addition, FACT can affect elongation on naked DNA templates by acting in concert with P-TEFb CTD kinase to counteract the negative elongation activities of DSIF and NELF in vitro (50) .
Yeast Spt16(Cdc68) was identified by its effects on transcription and cell cycle control (30, 41) , whereas Pob3 was identified by copurification with DNA polymerase I (52). Spt16 and Pob3 form a heterodimer (4, 53) that interacts with the high-mobility group protein Nhp6 (3, 10) , and both FACT subunits are essential for viability. Yeast FACT interacts with TFIIE (15) and with Sas3, the catalytic subunit of the NuA3 histone acetylase complex (14) . Strains with spt16 or pob3 mutations show increased or decreased expression of various genes (3, 9, 28, 30, 41, 42) , although the bases for these effects are unknown. Spt16 genetically interacts with TFIIS, Spt4/5, Spt6, and the Paf complex (7, 11, 27, 34, 47) , proteins believed to be involved in elongation. Taken together, the results of these experiments indicate that FACT is an elongation factor whose activity is particularly relevant in the context of nucleosomal templates.
In accord with the idea that FACT is an elongation factor, we show that yeast FACT travels with elongating Pol II at transcriptionally active genes in vivo. Unexpectedly, FACTdeficient cells show decreased levels of preinitiation complexes at promoters and increased Pol II density and transcription in the 3Ј portion of certain coding regions. Thus, in addition to associating with elongating Pol II, FACT contributes to transcriptional initiation at normal promoters and suppresses initiation within coding regions. We suggest that FACT contributes to transcriptional fidelity by linking the processes of initiation and elongation. viously (43) , except for Hpr1-(Myc) 13 , for which the PCR product contained HIS3 and 13 Myc epitopes and HIS3 was not removed (48) . The strain containing Spt16-(Myc) 3 grows indistinguishably from the wild-type strain, indicating that Spt16-(Myc) 3 fully complements the lethal phenotype due to loss of Spt16 function. The strain containing Pob3-(Myc) 3 grows detectably slower than the wildtype strain, indicating that Pob3-(Myc) 3 only partially complements the lethal phenotype. Strains expressing hemagglutinin (HA)-Rpb3 from the normal genomic locus were prepared by two-step gene replacement using a URA3 integrating plasmid containing a PCR fragment comprising the 700 bp surrounding the ATG codon of the HA-RPB3 locus of strain Z280 (kindly provided by Rick Young). GAL1-YLR454 strains were prepared by single-step integration of a linearized TRP3 plasmid containing the GAL1 promoter flanked downstream by the first 300 bp of the YLR454w coding region. The copper-inducible Spt16 depletion strain was prepared in strain ZMY117 (isogenic to ZMY60 except for leu2::PET56) as described previously (32) . Isogenic FY56 (wild type) and L577 (spt16-197) strains (30) were kindly provided by Fred Winston; when necessary, they were converted to trp1 derivatives by using the marker swap plasmid pTU10 (8) . Isogenic wild-type and kin28-ts16 strains (5) were analyzed as described previously (23) . (HA) 3 -TBP strains were prepared by single-step integration of plasmid YIplac211-(HA) 3 -TBP (23) . Strains were grown in synthetic complete medium containing 2% glucose as the carbon source unless indicated otherwise. Chromatin immunoprecipitation. Chromatin immunoprecipitation in yeast cells was performed essentially as described previously (23, 48) using antibodies against the nonphosphorylated CTD of Pol II (8WG16; Covance), Rpb3 (NeoClone Biotechnology), HA epitope (12CA5), Myc epitope (06-549; Upstate Biotechnology), TATA-binding protein (TBP), TFIIB, Tfb3 (kindly provided by Michael Keogh and Steve Buratowski), Spt16, and Pob3 (the latter two were kindly provided by Tim Formosa). Comparable results for Pol II occupancy were obtained with the 8WG16, Rpb3, and 12CA5 (for strains containing HA-Rpb3) antibodies; presumably, this is due to the presence of nonphosphorylated heptad repeats even when the CTD is phosphorylated during the elongation process. For all experiments involving the YLR454 coding region, PCRs contained multiple primer pairs such that relative occupancy levels for the different regions were directly determined in the same reaction. Quantitated data are presented in arbitrary units that are directly related to the apparent immunoprecipitation efficiency (i.e., the amount of material immunoprecipitated relative to that of the input sample), as determined from PhosphorImager analysis.
Transcriptional analysis. Total RNA was prepared by the hot phenol method (13), followed by treatment with DNase I (Promega) and removal of DNase I by phenol extraction. To determine RNA levels, RNA was randomly (for MDN1 and FLO8) or gene specifically (for YLR454) primed to generate cDNA that was subjected to PCR amplification and detection by ethidium bromide staining. For Northern blotting analysis, poly(A)-containing RNA was enriched from total RNA by using an Oligotex kit (Qiagen), electrophoretically separated on a 1% agarose gel containing formaldehyde, and transferred to a nylon membrane. RNA was detected by hybridization with random-primed probes comprising the 5Ј-most or 3Ј-most 800 bp of the YLR454 coding region.
RESULTS
FACT specifically associates with active Pol II genes. Spt16 and Pob3 associations with yeast genomic regions in vivo were analyzed by chromatin immunoprecipitation in strains expressing Myc-tagged derivatives from their natural promoters at their normal chromosomal loci. The levels of Spt16 and Pob3 association strongly correlated with each other and with the level of Pol II occupancy over a variety of Pol II-transcribed genes (Fig. 1A) . In contrast, these FACT subunits did not associate with highly active sites of Pol I (RDN37) or Pol III (tRNAs glu and arg) transcription, indicating that FACT specifically associates with active Pol II genes. At certain promoters (FBA1, PGK1, and TDH3), the relative associations of Spt16 and Pob3 were about twofold below that of Pol II, suggesting that FACT association might occur just downstream of the preinitiation complex (see below). As Spt16 and Pob3 colocalize on active Pol II genes in vivo and form a stable heterodimer in vitro, we used Myc-tagged Spt16 to monitor FACT association in vivo in subsequent experiments.
FACT association with active Pol II genes followed similar kinetics as the process of gene induction. FACT associated with CUP1 (Fig. 1B) and MET17 (Fig. 1C) upon the appropriate inducing treatment, and it accumulated at the GAL10 promoter at a rate similar to the rate of TBP recruitment upon galactose induction (Fig. 1D) . Unlike TBP, FACT associated strongly with both the GAL10 promoter and the 3Ј portion of the mRNA coding region.
FACT travels with elongating Pol II throughout the mRNA coding region. To examine whether FACT travels with elongating Pol II, we developed an approach that kinetically monitors association during the first or last "waves" of transcription under conditions where gene expression is rapidly induced or repressed. This approach relies on an allele in which the GAL1 promoter drives expression of the long (8 kb) YLR454 open reading frame at its natural locus ( Fig. 2A ) and has been used for analysis of the Hpr1 and Tho2 components of the TREX complex (48) . To visualize the first wave of transcription, we analyzed FACT and Pol II occupancy at 2-min intervals after galactose addition (Fig. 2B ). Pol II began to accumulate at the promoter by 4 min, whereas accumulation at the 3Ј end began roughly 10 min after induction. The 6-min difference in Pol II occupancy at the 5Ј and 3Ј ends of this 8-kb gene indicates that the Pol II elongation rate is approximately 1.3 kb/min, in accord with previous results determined by other methods (13, 33) . FACT association is similar to Pol II association, indicating that FACT enters the gene at or near the promoter and proceeds to the 3Ј end of the gene during the first round of transcription.
To monitor the last wave of transcription, galactose-induced cells were treated with glucose to rapidly inhibit initiation. At 4 min after glucose addition, Pol II and FACT occupancies were drastically decreased in the vicinity of the promoter but were virtually unaffected near the 3Ј end of the gene (Fig. 2C) . However, Pol II and FACT were no longer associated with the 3Ј end of the gene 16 min after transcriptional inactivation. This behavior is not an exclusive feature of the GAL1-YLR454 allele; similar results were obtained by monitoring YLR454 induction driven by the CUP1 promoter in response to copper or the GRE2 promoter in response to osmotic stress or glucose shutoff of GAL1-driven MDN1 (a 15-kb coding region; data not shown). Taken together, these observations demonstrate that FACT travels with elongating Pol II. However, our results do not address whether a single FACT molecule associates with Pol II and traverses the entire gene or whether different FACT molecules dynamically associate and disassociate with elongating Pol II. FACT association appears to occur just downstream of the preinitiation complex. To address when FACT associates with the transcription complex, we compared its promoter-proximal distribution to Pol II and other transcription factors at the GAL1-YLR454 locus (Fig. 3A) . For Rpb3, Spt16, and Hpr1 (a component of the TREX complex), we arbitrarily defined occupancy at a downstream location (region D) as 1.0 and directly measured the relative occupancy at three overlapping locations near the promoter (region A) and immediate 5Ј portion of the coding sequence (regions B and C).
Two lines of evidence suggest that FACT association occurs after preinitiation complex formation. First, Spt16 occupancy at region A was reduced twofold in comparison to that in other regions, whereas occupancies of promoter-associated TBP and TFIIF (Tfg2 subunit) were two-to threefold higher in region A than in region B (Fig. 3B) . Second, the Spt16-to-Pol II occupancy ratios at regions A to C were lower than at region D (Fig. 3C) , even though Pol II occupancy at region A was comparable to (and perhaps slightly higher than) occupancy at region D. Interestingly, Pol II association at region B, which corresponds to the beginning of the mRNA coding region, was higher than at the other regions tested. Although the basis for this observation is unknown, we speculate that the increased Pol II density at this location might be related to "paused Pol II" (1, 2, 19, 39, 40) and/or to increased dwelling of Pol II during the step of promoter clearance. In accord with previous results suggesting that association of the TREX complex occurs after Pol II clears the promoter (56), the Hpr1-to-Pol II occupancy ratio was reduced at regions A to C in comparison to region D. At the promoter-proximal region, the Hpr1-to-Pol II occupancy ratio was lower in relative terms than the Spt16-to-Pol II occupancy ratio (Fig. 3B) , suggesting that association of FACT precedes association of the TREX complex. TFIIH is required for FACT association in vivo. In yeast cells, TFIIH is localized at the promoter (37) , where it plays a critical role in the transition between transcriptional initiation and elongation. The Kin28 subunit of TFIIH is required for phosphorylation of the Pol II CTD at serine 5 in the vicinity of the promoter (17, 44) , although Kin28-mediated CTD phosphorylation per se is not essential for transcriptional activity (16, 17, 31) . Thermal inactivation of Kin28 does not affect TBP association at promoters (23) , although it significantly reduces association of Pol II (44) .
To address the mechanism of FACT recruitment, we examined Spt16 association in kin28-ts16 cells shifted to the restrictive temperature (Fig. 4) . Under these conditions, TFIIH (assayed with antibodies against the Tfb3 subunit) association with the PYK1 and TDH3 promoters is drastically reduced. Interestingly, inactivation of Kin28 significantly reduces Spt16 and Pob3 association at the promoter and mRNA coding region in a manner similar to that of Pol II. In contrast, loss of Kin28 function does not affect the association of TBP at the promoter. Thus, TFIIH is required for FACT association in vivo, probably as a consequence of a functional connection (direct or indirect) between FACT and Pol II.
FACT is important for association of TBP and TFIIB at the promoter. Biochemically, a preinitiation complex is defined as the complete Pol II machinery stably assembled on a promoter that initiates transcription upon the addition of nucleotide precursors. In vivo, preinitiation complexes are likely to be transient, with initiation occurring rapidly after complex assembly, because nucleotide precursors are readily available. Furthermore, active promoters are likely to reinitiate transcription multiple times from an initial complex, such that Pol II itself is less stably associated with the promoter than other components of the Pol II machinery such as TBP, TFIIB, and TFIIA (49, 55) . For this reason, measurements of Pol II occupancy at the promoter by chromatin immunoprecipitation cannot distinguish between preinitiation and early elongation complexes. The fact that inactivation of Kin28 reduces Pol II but not TBP association at the promoter suggests that most of the Pol II detected in wild-type strains is actually in elongation complexes just downstream from the promoter. However, the level of associations of TBP, TFIIA, and TFIIB at the promoter are strongly correlated with each other and with transcriptional activity (22) (23) (24) (25) , and TBP occupancy is strongly dependent on TFIIB and the Srb4 component of the mediator (23, 25) . Thus, levels of TBP and TFIIB occupancy are good indicators of the amount of preinitiation complexes at promoters. As FACT is essential for cell viability, we examined two conditional Spt16 alleles to assess the role of FACT in TBP occupancy in vivo. First, we generated a copper-inducible, double-shutoff allele (32) in which SPT16 transcription was repressed and Spt16 protein was rapidly degraded upon addition of copper (Fig. 5A) . Second, we analyzed TBP occupancy in a strain containing spt16-197, a temperature-sensitive allele (30) , that was shifted to the restrictive temperature (Fig. 5B) . When Spt16 was inactivated by either of these two approaches, TBP occupancy at all three promoters tested was approximately threefold lower in the strain containing the conditional spt16 allele than in the isogenic strain containing the wild-type SPT16 allele. In addition, occupancy of TFIIB at these promoters was reduced to a comparable extent upon inactivation of Spt16. Thus, these results indicate that Spt16 contributes to TBP and TFIIB occupancy, and hence the level of preinitiation complexes, at normal promoters. To provide additional evidence for a role of FACT in transcriptional initiation, we examined TBP and Pol II occupancy at the GRE2 promoter in cells subjected to osmotic stress for 5 min. As expected (38) , wild-type cells showed a dramatic increase in TBP occupancy at the GRE2 promoter, indicating the formation of new preinitiation complexes (Fig. 5C ). However, induction of TBP occupancy was reduced threefold upon osmotic stress in cells in which Spt16 was inactivated, indicating that FACT affects the de novo formation of preinitiation complexes in vivo.
Loss of FACT results in increased Pol II occupancy within the 3 portions of certain mRNA coding regions. Given that FACT travels with elongating Pol II, we examined Pol II density in the conditional spt16 mutant strains. In accord with the decreased occupancy of TBP at promoters, copper-inducible depletion (Fig. 6A) or thermal inactivation (Fig. 6B ) of Spt16 resulted in reduced Pol II density at both the proximal and distal regions of a variety of genes such as TDH3, RPS5, PYK1, and FBA1.
Unexpectedly, Pol II density increased to abnormally high levels at the 3Ј portions of several genes (YLR454, MEC1, and DYN1 [ Fig. 6A] ). Pol II density at the 5Ј portions of these low-activity genes remained at the background level and hence cannot be measured. This effect was gene specific, because Pol II density at other genes such as MOT1 and TFG2 was not increased. Similarly, increased Pol II density was observed at the 3Ј, but not the 5Ј, portions of MDN1 and FLO8 in spt16-197 cells shifted to the restrictive temperature (Fig. 6B) . In addition, when the YLR454 coding region was driven by the GAL1 promoter, Pol II occupancy increased at the 3Ј end upon inactivation of Spt16 when cells were grown in glucose, conditions in which the GAL1 promoter is nearly inactive. The relative increase in Pol II density at the 3Ј end of YLR454 with respect to the 5Ј end was also observed when the gene was highly active (i.e., cells grown in galactose medium). The alterations in Pol II density at the 3Ј portions of certain coding regions do not reflect changes in the phosphorylation status of the CTD (the 8WG16 antibody was made against the unphosphorylated CTD [ Fig. 6A] ), because comparable results were observed with HA antibodies using extracts from strains containing HA-Rpb3 (Fig. 6B) . FACT inhibits inappropriate transcriptional initiation from cryptic promoters within mRNA coding regions. There are two possible explanations for how inactivation of FACT causes increased Pol II density at the 3Ј portions of certain coding regions. One explanation is that loss of Spt16 affects the release of Pol II from the distal end of the affected genes to generate a "clogged pipe" in which Pol II molecules pile up behind the nonreleased Pol II molecule. We do not favor this explanation because increased Pol II density at the 3Ј end of YLR454 is observed even when the GAL1 promoter driving the gene is nearly inactive, and because it is difficult to account for gene-specific effects. In addition, increased Pol II density occurred over at least a 4-kb region at the 3Ј end of the YLR454 gene ( Fig. 6A; see below) , a result that differs from the relatively localized increase in Pol II distribution under conditions when Pol II elongation is arrested at a particular location in vivo (20) . Alternatively, loss of Spt16 might result in inappropriate initiation at one or more sites within the mRNA coding region. This internal initiation model explains why increased Pol II density can occur over a relatively large region, and it can easily account for gene-specific effects.
Three additional lines of evidence indicate that loss of Spt16 results in internal initiation within the normal mRNA coding region. First, for all three genes tested, inactivation of Spt16 caused increased RNA levels at the 3Ј portions and decreased RNA levels at the 5Ј portions (Fig. 7A ). This observation is consistent with the internal initiation model but is not easily explained by the clogged-pipe model.
Second, inactivation of Spt16 resulted in the appearance of a novel 5.3-kb, poly(A)-containing YLR454 RNA that was clearly distinct from the 8-kb RNA in wild-type strains (Fig.  7B ). In accord with the results of the RNA analysis (Fig. 7A ) and the Pol II occupancy experiments (Fig. 6B) , the 5.3-kb RNA was four-to fivefold more abundant than the wild-type RNA. Importantly, this 5.3-kb RNA was detected with a hybridization probe for the 3Ј end of the YLR454 gene but not with a probe for the 5Ј end of the gene (Fig. 7B) , and the position of the 3Ј end of this 5.3-kb RNA was indistinguishable from that of the wild-type RNA (determined by 3Ј rapid amplification of cDNA ends [data not shown]). The presence of this 5.3-kb RNA does not preclude the possibility of less abundant RNA species that arise from internal initiation. The presence of a discrete-sized, poly(A)-containing transcript essentially excludes the possibility that increased RNA levels at the 3Ј portion of YLR454 arose from preferential stability of RNA at the 3Ј end and/or preferential degradation of RNA at the 5Ј end.
Third, the sequence TATAAAAT, a functionally optimal TATA element (54), lies within an AT-rich region (68% over 200 bp) just upstream of this 5.3-kb transcript. TBP occupancy (defined as the ratio in spt16-197 versus wild-type strains) in the vicinity of the TATAAAAT sequence was 1.4-fold higher than at other locations within the YLR454 coding region (Fig.   FIG. 7 . Inactivation of Spt16 causes transcription from a cryptic promoter within the YLR454 coding region. Wild-type and spt16-197 cells were shifted to 37°C for 60 min. (A) RNA levels (Ϫ RT indicates the absence of reverse transcriptase) at the indicated regions as determined by reverse transcriptase-PCR analysis. (B) Northern blot of mRNA hybridized to probes corresponding to the 5Ј and 3Ј regions of the YLR454 coding region. The wild-type 8-kb (WT) and internal 5.3-kb ‫)ء(‬ transcripts are indicated. Molecular weights were calculated using the ribosomal RNAs as standards. The faint band that appears in all six lanes at a position just above that of the 5.3-kb transcript represents nonspecific hybridization that is unrelated to the YLR454 locus. The very faint band that occurs only under conditions of Spt16 inactivation at a position below that of the 5.3-kb transcript might represent another internal transcript, although we cannot exclude the possibility of nonspecific hybridization. (C) Ratio of TBP and Pol II association at the indicated YLR454 coding regions (defined in kilobases from the ATG initiation codon) in the spt16 strain with respect to the wild-type strain. The ratios for the 2.5 and 6.0 regions were normalized to that of the 0.25 regions, which was defined as 1.0.
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MASON AND STRUHL MOL. CELL. BIOL. 7C). Although this effect is quantitatively modest, it is significant (P ϭ 0.0008 in four independent experiments in which relative TBP occupancies at the YLR454 regions were directly determined in an internally controlled manner). In addition, Pol II occupancy in the TATAAAAT region was about 1.8-fold higher than at the 5Ј portion of the YLR454 coding region. The presence of TBP in the vicinity of an optimal TATA element just upstream of the novel 5.3-kb transcript demonstrates that loss of Spt16 results in internal initiation with the YLR454 coding region. Thus, FACT inhibits inappropriate initiation from cryptic promoters within mRNA coding regions.
DISCUSSION
FACT is important for fidelity of transcriptional initiation in vivo. To express genetic information in an appropriate manner, it is essential that wild-type cells have mechanisms of transcriptional fidelity that restrict initiation to promoters, thereby ensuring that only appropriate mRNAs are synthesized. However, consensus sequences for TATA elements, initiator elements, and activator binding sites are short and occur within many mRNA coding regions. Thus, transcriptional fidelity is not achieved simply by restricting promoter elements to promoter regions. One mechanism that contributes to transcriptional fidelity is that proteins preferentially associate with promoter regions in comparison to protein-coding regions (21, 26, 29) . Such preferential accessibility is due to general DNA sequence properties of promoter regions (29) , and it may be related to nucleosome positioning.
FACT was characterized biochemically as a factor that acts subsequent to transcriptional initiation (34) , and we show here that FACT travels with elongating Pol II in vivo. Unexpectedly, analysis of Spt16-defective cells indicated that FACT is also important for preventing internal initiation from cryptic promoters, and hence for fidelity of transcriptional initiation in vivo. First, Pol II density increased to abnormally high levels over extended 3Ј portions of some, but not all, genes. Second, RNA levels increased at the 3Ј portions and decreased at the 5Ј portions of all three affected genes tested. Third, in the case of YLR454, we observed a novel and discrete-sized poly(A)-containing transcript as well as an optimal TATA element within an AT-rich region in the immediate vicinity of the presumed 5Ј end of the novel transcript. Fourth, TBP occupancy increased in the vicinity of the optimal TATA element. These four lines of evidence convincingly demonstrate that initiation from cryptic Pol II promoters within mRNA coding regions occurs when FACT is inactivated; there is no other plausible interpretation that is consistent with all the data. Internal initiation within other genes has been observed in spt16 mutant strains (Craig Kaplan and Fred Winston, personal communication).
In addition to increased initiation within certain mRNA coding regions, loss of Spt16 activity resulted in reduced association of two essential components of the preinitiation complex, TBP and TFIIB, at all normal promoters tested. Furthermore, the level of de novo TBP recruitment to the GRE2 promoter upon osmotic stress was comparably reduced in FACT-deficient cells. The decreased TBP and TFIIB occupancy at normal promoters reflects a specific function of FACT and does not arise indirectly from a defect on transcription or Pol II occupancy in the vicinity of the promoter. Decreased association of preinitiation complex components was observed with two different kinds of conditional Spt16 alleles under inactivation conditions identical to those used to analyze the direct functions of many other essential transcription factors. More importantly, decreased TBP occupancy was not observed in Kin28-deficient cells, a condition in which Pol II transcription is essentially abolished (12) and Pol II occupancy in the vicinity of the promoter is significantly reduced (44) (Fig. 4) . Thus, FACT is important for wild-type levels of preinitiation complexes and presumably for transcriptional initiation at natural promoters.
Our results indicate that FACT has an important role in the fidelity of transcriptional initiation. We suspect that increased internal initiation and decreased preinitiation complexes and transcription at normal promoters in FACT-deficient cells represent two sides of the same molecular phenomenon. Specifically, we suggest that the number of functional preinitiation complexes is limiting in vivo, such that increased internal initiation will be directly linked to decreased initiation at normal promoters due to competition for preinitiation complexes. mRNA coding regions are approximately five times larger than promoters (1,500 versus 300 bp), and the vast majority of yeast genes are poorly expressed (12, 13) and presumably have weak promoters. If internal initiation in FACT-deficient cells occurs at 20% of the level observed at most yeast promoters, the number of Pol II initiation events would effectively double. This estimate is plausible (and perhaps even low) given that internal initiation was observed at a significant proportion of the genes tested and often occurs at a level higher than that observed at normal promoters (as defined by Pol II density and RNA levels). In this view, FACT does not directly contribute to transcriptional initiation per se but rather affects transcriptional fidelity and hence the distribution of preinitiation complexes throughout the genome.
The model that FACT contributes to the fidelity, but not the mechanism, of transcriptional initiation is consistent with the results of biochemical experiments indicating a role after preinitiation complex formation (34) and the suggestion that FACT associates with active genes just downstream from the promoter (Fig. 3 ) (John Lis and Danny Reinberg, personal communication). In addition, this model explains the apparent contradiction that TBP occupancy decreases upon inactivation of FACT, but not Kin28, even though FACT association with active genes is drastically reduced in Kin28-deficient cells. In the absence of Kin28, transcription is blocked at an early step; hence, if FACT is important at a later step in the transcription process, its association with the gene is irrelevant under Kin28-deficient conditions. In contrast, inactivation of FACT does not disrupt preinitiation complexes but rather redistributes them towards mRNA coding regions and away from normal promoters.
FACT contributes to transcriptional fidelity by linking initiation and elongation. As FACT specifically associates with active Pol II genes, we favor the idea that inhibition of internal initiation is linked to the function of FACT during the elongation process. Together with the biochemical (34, 36) and genetic (11) interactions of FACT with chromatin, we suggest a model in which FACT-containing Pol II elongation complexes generate or maintain a chromatin structure that inhibits preinitiation complex formation or stability within mRNA cod-VOL. 23, 2003 FACT CONTRIBUTES TO FIDELITY OF POL II TRANSCRIPTION 8331 ing regions. In the absence of FACT, elongating Pol II complexes disrupt chromatin structure, thereby making mRNA coding regions more permissive for initiation. As exemplified by the novel YLR454 transcript, internal initiation sites would depend on the presence and relative location of otherwise cryptic TATA elements, initiator elements, and activator binding sites (and perhaps other sequence-dependent features) within the coding region. The likelihood of such cryptic promoter elements should increase in accord with the length of the coding region, and indeed, the internal transcripts observed here were generally in large mRNA coding regions.
It is important to note that increased internal initiation in spt16 mutant strains occurs at the expense of initiation at promoters, and it can occur at poorly expressed genes. We therefore suggest that, in the absence of FACT, the disruption of chromatin structure by elongating Pol II persists long enough to permit preinitiation complex formation and initiation within mRNA coding regions. Based on measurements of initiation frequency in vivo (13), we estimate that weak promoters initiate transcription once every 5 to 30 min. In addition, the GAL1 promoter used here is not completely inactive in glucose medium, because strains containing GAL1 promoter fusions to essential genes are often viable in glucose medium. Nevertheless, although we favor the view that FACT-dependent suppression of internal initiation is related to FACT's function during Pol II transcription, we cannot eliminate the possibility that it reflects a genome-wide, nontranscriptional function of FACT.
It is inevitable that the large and complex Pol II elongation machinery will disrupt nucleosome-DNA interactions as it travels across the gene. In principle, DNA in nucleosomes disrupted by elongating Pol II might be relatively accessible to nuclear proteins; hence, transcriptional elongation might undermine transcriptional fidelity. We suggest that FACT is important in reversing the nucleosome disruption that occurs upon elongation by Pol II, thereby preventing inappropriate access of transcription factors to mRNA coding regions. In this sense, elongation-related functions of FACT are linked to subsequent initiation events. If the number of functional preinitiation complexes is limiting yeast cells, an increase in internal initiation would concomitantly lead to a decrease in initiation at normal promoters by a simple competition model. Thus, by linking the processes of initiation and elongation, FACT increases transcription from the correct initiation site while minimizing initiation from internal sites, thereby improving the fidelity of Pol II transcription.
